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FEATURE ARTICLE

A Model of the Use of Evolutionary
Trees (MUET) to Inform K-14
Biology Education

•

YI KONG, ANKITA THAWANI, TREVOR
ANDERSON, NANCY PELAEZ

ABSTRACT
Evolutionary trees are powerful tools used in modern biological research, and
commonly used in textbooks and classroom instruction. Studies have shown
that K-14 students have difficulties interpreting evolutionary trees. To
improve student learning about this topic, it is essential to teach them how
to understand and use trees like professional biologists. Unfortunately, few
currently used teaching frameworks for evolution instruction are designed
for this purpose. In this study we developed the Model of the Use of
Evolutionary Trees (MUET), a conceptual model that characterizes how
evolutionary trees were used by professional biologists as represented in
their research publications. The development of the MUET was guided by
the Concept-Reasoning Mode of representation (CRM) model as well as a
“model of modeling” framework. The MUET was then used to review
instructional and assessment material for K-14 classrooms. Future studies
with the MUET may inform the development of teaching materials for K-14
classrooms aimed at improving students’ understanding of and learning
about evolutionary trees.
Key Words: evolutionary tree; model; biology research; biology; evolution.

Introduction

fields of physics, biology, and chemistry use symbolic forms to represent or explain phenomena in a problem situation or investigation. Scientists commonly use graphs or equations to express how
they perceive a phenomenon or visualize some aspect of their
research. In addition, a diagram that represents objects and spatiotemporal changes is often used as a meaningful product of research.
Thus a knowledge-building scientific community is structured
around the common use of visual representations and tools to
investigate and explain scientific concepts and principles.
In the case of evolutionary biology, tree-shaped diagrams are
often generated to express understanding of evolutionary relationships among populations or species (Halverson et al., 2011; Meir
et al., 2007; Novick & Catley, 2007). Evolutionary trees, also called
phylogenetic trees, are used to answer different types of questions.
For example, ecologists partly base conclusions about diversity on
information embedded in a phylogeny. Medical researchers use
evolutionary trees to investigate the origin of an emerging disease
and to develop appropriate treatments for it. On the other hand,
an evolutionary biologist might compare trees developed with different methods to observe similarities in the outcome, and possibly
generate a third tree to reconcile any differences.
Evolutionary trees chronicle the sequence of events
when new heritable traits emerge (Brooks &
McLennan, 1991; Kong et al., 2016; O’Hara
1988). According to O’Hara (1988), evolution
explanations depend on this chronicle. Thus evolutionary trees are important representations that
have wide-ranging uses and whose interpretations
have far-reaching implications, allowing researchers to draw a diversity of inferences about changes
over time of relevance to a particular biology
subdiscipline.
Since evolutionary trees are powerful tools
used in modern biological research, they are commonly presented
in textbooks (Campbell & Reece, 2005; Raven et al., 2014) and
used in classroom instruction. However, research has shown that

Evolutionary trees,
also called
phylogenetic trees,
are used to answer
different types of
questions.

In a world where biologists are increasingly
called on to address global challenges, evolutionary biology must often be applied to
solving food, health, and environment concerns (Carroll et al., 2014). In addition to a
need for shared vocabulary and research
methods, collaborations that span such
disciplinary boundaries must also share
an understanding of the role that representations play as important components of
scientific research and knowledge creation. Larkin (1983), Dunbar
(1995), Kozma et al. (2000), Novick and Catley (2014), and others
have investigated how everyone from students to scientists in the
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students have difficulty understanding evolutionary trees, and
many common misconceptions of reading evolutionary trees have
been reported (e.g., Baum et al., 2005; Catley et al., 2010; Crisp &
Cook, 2005; Gregory, 2008; Halverson et al., 2011; Meir et al.,
2007; Omland et al., 2008). According to these reports, examples
of such misconceptions are “node counting” and “incorrect mapping
of time.” Students with “node counting” difficulties assume that the
number of nodes on the trees could be counted to indicate how close
the relationship is among species on a tree. Students with difficulties
to do with “incorrect mapping of time” attribute a sequence in time
to the wrong direction of a tree. For example, given a tree that reads
from the root at the bottom to the tips at the top, some students
incorrectly assume that the oldest species are at the tips on the left
and the youngest species are at the tips on the right of the tree. These
and other related misconceptions are not unusual to find among students at K-14 levels (e.g., Halverson et al., 2011; Meir et al., 2007),
suggesting that evolutionary trees are hard for students to understand and that improved teaching approaches are urgently required
to address such problems.
Perhaps it is unrealistic to expect K-14 students to correctly
read and understand evolutionary trees if they are not taught how
biologists use evolutionary trees. As mentioned above, many current textbooks for K-14 classrooms introduce evolutionary trees.
However, unlike textbooks for advanced undergraduate students,
teachers, and scientists in the life science disciplines (e.g., Baum
& Smith, 2012), few general biology textbooks for K-14 classrooms
attempt to explain the structure of evolutionary trees with
theoretical underpinnings (Catley & Novick, 2008). Although
peer-reviewed journals have published classroom activities and
laboratory exercises that are ready for K-14 teachers to use in
the classroom (e.g., Baldauf, 2003; Davenport et al., 2015; Eddy et
al., 2013), there is a need to establish whether these sources are
sufficient to help students form an understanding of evolutionary
trees. Thus, here we introduce a conceptual map on the use of
evolutionary trees by professional biologists, and we show how to
use this as a framework to guide decisions about instructional materials for teaching and learning of evolutionary trees in the K-14 classroom. The Model of the Use of Evolutionary Trees (MUET)
characterizes professional biologists’ use of evolutionary trees in
scientific research.
Evolutionary trees represent the tree of life, which is often used
as a metaphor, research tool, or model to explore the evolution and
genealogical relationships of life (Mindell, 2013). As shown in this
definition, evolutionary trees can be considered as a kind of model.
Evolutionary trees and the MUET are two different kinds of models, as the term “model” means different things in different contexts
(Baker, 2015). An evolutionary tree is a diagram generated to
depict a hypothesis of evolutionary relationships among any level
of taxonomic group: individuals, families, populations, species,
genera, and higher-order taxa (Halverson et al., 2011; Meir et al.,
2007; Novick & Catley, 2007; Raven et al., 2014). It provides all
the information relevant to determining the degree of evolutionary
relatedness among groups (Baum & Smith, 2012). MUET is a conceptual model for characterizing how professional biologists have
used evolutionary trees, designed to inform K-14 teaching and
learning. The development or testing of teaching materials can be
informed by MUET to guide instruction on the use and interpretation of evolutionary trees. By applying MUET, teachers will be
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equipped to handle decisions in selecting teaching materials relevant to evolutionary trees.

The Research Questions
The guiding research question is: How can we develop the MUET
to characterize components that general biologists included when
they applied evolutionary trees in scientific research reported in
the journal Science during the period of investigation, 2012 through
2013? The follow-up question is: How can the MUET be used to
target science learning to instructional materials with evolutionary
trees for effective teaching and learning?

Theoretical Framework: The Concept-Reasoning
Mode of Representation (CRM) Model
The development of MUET was informed by the Concept-Reasoning
Mode of representation (CRM) model of Schönborn and Anderson
(2009). According to this model, the soundness of a person’s prior
knowledge of the scientific concepts (C) depicted by any given mode
of representation (M) influences the soundness of their reasoning
abilities (R). In addition to the soundness of their reasoning with
the concepts (R-C), the nature and quality of the mode of representation (M) and reasoning with the representation (R-M) all influence
how well the representation is understood and interpreted. The concepts and reasoning behind evolutionary trees as a visual representation can be approached from the framework of the CRM model to
examine how biologists use tree thinking. Guided by the CRM
model, the MUET should cover four key areas: (1) it should depict
the basic components of the visual representation of evolutionary
trees, which corresponds to the relevant representational modes
(M) of the CRM model; (2) it should also cover the relevant concepts
represented by the evolutionary trees, which corresponds to concepts (C) in the CRM model; (3) it should cover reasoning (R) with
the concepts (R-C) and representations (R-M) to do with the application of tree thinking for the purposes of a research study; and (4) it
should integrate all the factors represented in the CRM model to
construct an understanding of the use of evolutionary trees for communicating scientific research.

Methods
The “model of modeling” framework (Justi & Gilbert, 2002) was
chosen to guide the development of the MUET. This framework
has four stages: (1) decide on a purpose and select appropriate
research journals for the development of an initial MUET; (2) produce a mental model and create a diagram of the MUET; (3) conduct thought experiments and design empirical tests for the
MUET; and (4) modify the MUET based on empirical test results
to fulfill the initial purpose (Justi & Gilbert, 2002; Mendonça &
Justi, 2013). Guided by this framework, four investigators participated in the data collection and data analysis. The investigators
included: a doctoral candidate in biology education with a background in molecular biology research experience applied to the
construction of evolutionary trees representing genetic diversity of
Pelteobagrus fulvidraco populations in the Yangtze River (Kong et
al., 2009); a doctoral candidate with research experience in regenerative medicine and in molecular biology, biotechnology, and biophysics (Nasir et al., 2010); a doctoral student in biology whose

VOLUME. 79, NO. 2, FEBRUARY 2017

undergraduate focus was in evolution, ecology, and conservation;
and a biology professor who teaches evolutionary biology. Three
of the investigators have interpreted tree results as part of their biological research. Furthermore, all of the investigators have been
reading and interpreting evolutionary trees to aid in scientific
understanding with students at various educational levels: two
taught courses where preservice elementary school teachers learned
to construct trees from taxon-character data; two worked on evolutionary tree thinking with teachers at the middle school and high
school levels; three taught students to construct, use, and read evolutionary trees for scientific content understanding at the undergraduate level; one taught a graduate student research seminar
course where articles with evolutionary trees were critiqued. However, because only one of the investigators had experience with
using tree results for their own biological research application, four
external experts were consulted, as detailed below in the “Data
Analysis” section.

Data Collection
Since a full spectrum of biology subfields can be viewed through
the lens of evolution, we considered it important to base the development of the MUET on research reports by biologists in all biology disciplines, not just from evolutionary biologists. This would
give us a broader understanding of reasons for using evolutionary
trees and render the MUET more representative of the full range
of phylogenetic tree usage by biologists. In an attempt to identify
the most appropriate source of such reports, we conducted a pilot
study with various “high-impact journals” (those considered to be
highly influential with biologists), and found that the journal Science has many more figures with evolutionary trees than other
high-impact journals. Thus the journal Science was selected for this
study.
Data was collected from issues published in 2012 and 2013 by
identifying articles with evolutionary tree figures in two rounds. In
the first round, two investigators worked independently to collect
articles with tree-shaped diagrams published in issues of the journal Science between January 6, 2012, and August 9, 2013. The
investigators then worked independently to identify evolutionary
trees from these tree-shaped diagrams. In so doing, as per the criteria recommended by Kong et al. (2016), they excluded any treeshaped diagrams that did not depict evolutionary history. Finally,
the two investigators were joined by a third investigator, and
together they reached 100 percent agreement about the selection
of evolutionary tree articles for our study. In the second round,
articles published in the journal Science in the rest of 2013 were
collected by one investigator based on the exclusion criterion.
Overall, articles collected from these two rounds are data for this
study (Table 1).

Data Analysis
Guided by the “model of modeling” framework (Justi & Gilbert,
2002), the MUET was developed and revised several times until all
investigators unanimously agreed that it was applicable to all the
articles collected in the first round. Thereafter, a content analysis
(Cole, 1988; Krippendorff, 1980) was performed to obtain the frequency of each component of the MUET. During the development
of the MUET, the process was enhanced by accessing relevant information from a wide range of literature resources and through consulting experts in the field. For example, and more specifically, we
developed a Glossary (see Supplemental Material), and adopted the
Felsenstein (2004) introduction to tree formats, and Hershkovitz
and Leipe’s (1998) and Delsuc et al.’s (2005) introductions to the
methods of constructing trees. We also consulted with two evolutionary biology experts in systematics who are full professors and
two graduate students who were doing evolutionary biology
research. Based on all this feedback, we revised the MUET and then
applied it to descriptions of trees that had been found in the first and
second rounds of the data collection. To test the Inter-Rater Reliability (IRR) (Tinsley & Weiss, 2000) of one investigator’s coding result,
another investigator randomly selected and coded ten articles using
the MUET. Thereafter these two investigators’ coding results were
used to calculate the Cohen’s Kappa, an IRR statistic index, by applying SPSS Version 22 (IBM, 2013). As reported in Table 2, the IRR
statistic index of each component of the MUET reached 80 percent,
which means that the investigators’ coding results were reliable.

Validation of the MUET
The MUET was validated in three ways. First, although the components of the MUET were developed based on already published literature and by consulting experts in phylogenetics as described above,
to further test its validity, we examined each component of the
MUET for consistency with the tenets of the widely recognized textbook Tree Thinking: An Introduction to Phylogenetic Biology (Baum &
Smith, 2012). Second, since the MUET was developed using the
trees that were found in the first round of data collection, to further

Table 2. Inter-Rater Reliability (IRR) for each
component of the MUET.
The MUET Component

Inter-Rater Reliability (IRR)

Representation of trees

100.0%

Data sources

88.6%

Construction of trees

100.0%

Reasoning represented by
trees

82.0%

Table 1. Number of articles and tree figures collected from the journal Science.
Round

Period

Issues

Issues with
Tree Articles

Articles with Trees

Tree Figures

First

01/06/2012–08/09/2013

83

47

72

107

Second

08/16/2013–12/20/2013

19

6

11

22

102

53

83

129

Total
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Table 3. Description of trees in the journal Science using the MUET.
Tree Figures

Total

1/2012–8/2013

8/2013–12/2013

2012–2013

n = 107

n = 22

N = 129

MUET

Subcategory

Representation of
trees

Rooted tree

50

17

67

Unrooted tree

57

5

62

Data sources

Molecules

91

15

106

Morphological traits

11

3

14

Developmental
patterns

4

0

4

Behavior

1

0

1

Distance-based
methods

23

1

24

Maximum parsimony

14

1

15

Maximum likelihood

37

13

50

Cladistics

62

18

80

Homology

107

22

129

Homoplasy

35

3

38

Chronology

50

17

67

Construction of trees

Reasoning with trees

validate the model, we applied it to the second round of data collected. As shown in Table 3, the MUET was successfully applied to
the rest of the trees, which suggested that the data behind MUET
was saturated in that MUET shows how all of the evolutionary trees
were represented and used by biologists, who reported research with
trees in the journal Science from the period of investigation, 2012
through 2013. Third, an evolutionary tree selected from an issue of
the journal Science was used to describe how the MUET is applied.
As shown below in the section “Validation of the MUET . . . ,” the
MUET successfully described an evolutionary tree that was published
in a 2013 issue of the journal Science.

Findings
MUET Components from Evolutionary Trees in
Research Reported from 2012 to 2013 in the
Journal Science
As shown in Figure 1, the MUET is a conceptual model that depicts
the basic components included by professional biologists when they
used evolutionary trees to report their research in a Science journal
publication. The MUET consists of four categories and includes
arrows to represent how the four components are used in sequence
when biologists deploy evolutionary trees in their research. In the
MUET, “Data Sources” refer to various types of traits (e.g., morphological traits) collected from organisms that were used to construct
trees. Following the direction of the arrow, “Construction of Trees”
refers to various methods of analysis (e.g., maximum parsimony)
used by biologists to construct trees. “Representation of Trees” refers
to the basic components of evolutionary trees (e.g., branches) as
84

THE AMERICAN BIOLOGY TEACHER

depicted in research articles. “Reasoning with Trees” refers to four basic
types of reasons (e.g., homology) for including tree figures as revealed
or expressed by professional biologists’ use of evolutionary trees. The
four types of reasoning are defined and explained in Table 4. Logical
connections between the concepts of data collection (C of CRM), the
analysis and interpretation of data (R or reasoning with data), and
the tree mode of representing the information (M of CRM) are related
to the ultimate interpretation of the diagram (RM of CRM, meaning
how and why scientists reason about a particular research problem
with an evolutionary tree as their mode of representation). This process tends to be iterative, with inferences based on tree diagrams
feeding back into gathering additional data to address further biological research questions. In practice this can be a fully circular, continuous process.

Validation of the MUET with an Evolutionary Tree
from a 2013 Research Article
To illustrate the MUET, we apply the MUET components to the
example shown in Figure 2. Guided by the MUET, Figure 2 can
be understood by the following four aspects:
Data Sources. The tree is constructed based on various 16S
rRNA gene sequences. These data sources were compared for the
construction of the tree-shaped part of this diagram. These 16S
rRNA gene sequences were obtained from the bacterial strain taxa
labeled in the tree.
Construction of Trees. Since the authors of Figure 2 did not
detail any methods used to construct their tree, the corresponding
author of the article was contacted. The response stated that a
neighbor-joining (NJ) method as a distance-based method was
applied to the data to construct this tree.
VOLUME. 79, NO. 2, FEBRUARY 2017

Figure 1. A Model of the Use of Evolutionary Trees (MUET).
The MUET consists of four components. Arrows on the model
highlight the fully cyclical nature of the research process by
representing how the four components are related to each
other for the biologist who reports research with an
evolutionary tree figure. “Reasoning with trees” refers to the
reason why an evolutionary tree was used to report research
findings. Such reasoning often raises questions that could be
answered with additional data. “Data Sources” refers to data
that were selected to construct the tree. “Construction of Trees”
refers to the methods used for constructing the tree.
“Representation of Trees” refers to the depiction of
components and modes of representing evolutionary tree
figures in research articles.

Representation of Trees. As mentioned above and in the Figure 2
caption, the entities portrayed at the tips of the tree in Figure 2 are
various species of bacteria. This particular example is a rooted bifurcating tree with the names of bacteria species displayed in text at the end
of each branch. As detailed in the figure legend, this tree provides additional information with different colored fonts as well as different
background colors for groups of organisms on the tree.
Reasoning with Trees. Reasons for including the tree depicted
in Figure 2 include cladistics, homology, homoplasy, and chronology. Cladistics is shown in that this tree details taxonomic diversity
and evolutionary relatedness between different species. Each
branch is a clade. Homology resulting from common ancestry is
shown because the sharing of 16S rRNA gene sequences was the
basis for clustering the species on branches of the tree. Homoplasy
is shown because species share similar features that are inconsistent
with the branching pattern of the tree. As described by the authors,
the outer ring, the middle ring, and the inner ring display different
features that in many cases are shared among organisms that
are not on the same branch of the tree, thus indicating homoplasy.
Figure 2 is a rooted tree with the root indicated at the middle and
bottom of the tree. The direction from the root to the tips of the
tree shows the chronology of evolutionary processes that produced
diversification, resulting in many more new species of bacteria from
the earliest ancestor compared to now.

MUET as a Framework to Improve Teaching about
Evolutionary Trees
The Framework for K-12 Science Education (NRC, 2012) suggests that
K-12 life science students cannot fully understand scientific ideas
without engaging in the scientific practices by which such ideas are
developed and refined (Bybee, 2013). According to recommendations, such practices must be demonstrated in the context of specific
content (NRC, 2012). The MUET is tightly aligned with the dimension of science practices for K-12 science classrooms. For example,
by “Data Sources,” we mean the character traits listed in Figure 1. Students must decide which traits they will investigate when defining
their research question or when planning and obtaining their data

Table 4. Definition and explanation of each type of reasoning with trees listed in Figure 1.
Reasoning

Definition

Explanation

Cladistics

Cladistics is an approach commonly used in
biology to make assumptions about the
evolutionary history of organisms. In detail,
cladistics uses patterns of synapomorphies (i.e.,
traits of a common ancestor that were inherited
and are shared by a group of taxa) (Novick et al.,
2010) to infer the order of lineage divergence of
organisms in evolutionary history. The principle
of parsimony is typically adopted when
biologists use cladistics (Goldsmith, 2003;
Henning, 1966). For teaching in K-14 classroom,
cladistics, as a type of reasoning with trees, is
simply defined as an approach used to classify
organisms based on whether the organisms
share common characteristics inherited from
their most recent common ancestor.

If an evolutionary tree is constructed by using
synapomorphies to show the lineage
divergences of organisms, it means cladistics
was used to construct that evolutionary tree. An
evolutionary tree which was constructed
without using synapomorphies to show the
lineage divergences of its entities on the tree is
recognized as not based on cladistic reasons.
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Table 4. Continued
Reasoning

Definition

Explanation

Homology

In biology, homology refers to any of a group of
organisms’ traits that were derived from a similar
trait in an ancestor they shared (Hall, 2012).
These traits are called synapomorphies, which
can be morphological, molecular, or behavioral
characteristics shared by a group of taxa as a
result of their inheritance from a common
ancestor (Novick et al., 2010). Homology involves
reasoning that is focused on the historical nature
of homologs to understand biological
phenomena (Ereshefsky, 2012).

All the trees showed homology because the
organisms that shared similar traits derived from
a common ancestor were clustered together on
a branch of the tree.

Homoplasy

In biology, homoplasy refers to the presence of
any similar traits that are shared by different
organisms but that were not derived from the
similar trait in a common ancestor.

When two entities on an evolutionary tree show
similar traits that came from different lineages,
the tree reveals homoplasy. Convergent
evolution explains why homoplasy occurs.

Chronology

Chronology refers to the science of ordering
events by occurrence in time.

Rooted trees show chronology because the
roots represent the most distant ancestor in
time. Unrooted trees do not show complete
chronology, or the chronology is unclear
because the most distant ancestor in time has
not been indicated (Kong et al., 2016).

Figure 2. Example to illustrate how MUET was tested. This
figure shows superoxide production across a broad phylogenetic
and ecological diversity of bacteria. The background colors of
the entities represent that these entities belong to the
Bacteroidetes (pink), Actinobacteria (blue), Firmicutes (orange),
Alphaproteobacteria (purple), Betaproteobacteria (green), and
Gammaproteobacteria (yellow). The font colors of the entities
represent that the organisms were isolated from benthic (black),
planktonic (red), and soil (blue) habitats. Moreover, this tree
provides additional information displayed as rings around the
tree. As described by the authors of this tree, the outer ring
represents the value of relative superoxide production, where
white represents values that were below detection, and black
represents values that were the observed highest rate. The
middle ring shows the organisms that are psychrophiles (yellow),
mesophiles (orange), and thermophiles (red). The inner ring
shows the habitats of the entities that are freshwater (light blue),
estuarine (medium blue), and marine (dark blue). Source: Diaz et
al. (2013), used with permission.
86
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(Practices 1, 3, and 8 of the Framework). By “Representation of Trees,”
we refer to the symbolic features listed in Figure 1. The nodes and
branches and the arrangement of tips in a tree must be understood
when “developing and using” a tree model, “analyzing and interpreting data,” or “evaluating and communicating information” with a tree
(Practices 2, 3, and 8 of the Framework). Furthermore, by “Reasoning
with Trees,” we refer to how and why one should reason about
research with an evolutionary tree. Nearly all “Practices of Science
and Engineering” are involved when considering how and why to reason about research data with an evolutionary tree. In fact, some might
argue that “Reasoning with Trees” would even correspond to Practice
1 if the teacher prompts students to be “asking questions” that could
be answered with additional data (as suggested by the circular arrow
in Figure 1). Clearly, the MUET components might help a teacher
and students understand how the research process relates to the evolution concepts and evolutionary tree representations in their lessons.
When preparing instructional materials for teaching about evolutionary trees, using the MUET as a lens might help teachers more
easily clarify the learning goals of their classrooms. For example,
data sources provide a foundation for construction of trees. Representation of trees is the result of tree construction, and both of
these should be understood for students to more fully understand
the reasoning behind professional biologists’ use of evolutionary
trees. Thus, the MUET also provides criteria to check whether necessary components are present in instructional resources and
assessments. For example, in College Board AP ® Biology Lab Manual, “Investigation 3: Comparing DNA Sequences to Understand
Evolutionary Relationships with BLAST” (College Board, 2012) is
aligned with the MUET. This activity has students using DNA
sequences as data sources to construct trees by using a Basic Local
Alignment Search Tool (BLAST). The students construct a tree by
VOLUME. 79, NO. 2, FEBRUARY 2017

Table 5. Evaluation of instructional materials and assessments according to the Model for the Use of
Evolutionary Trees (MUET).
Evolution Education
Material

Data Sources

Construction of Trees

Representation of
Trees

Reasoning with Trees

Instructional Materials Tested with Undergraduate College Students
Phylogenetics
Laboratory:
Reconstructing
Evolutionary History
(Catley & Novick,
2012)

Data sources
mentioned in Parts I
and II include
molecular data (HOX
gene sequences) and
morphological traits
(developmental
patterns and body
structures such as type
of skeleton).

Students are taught to
use cluster analysis of
molecular or
morphological data to
construct a tree.

Students are
instructed with an
example to draw
rooted bifurcated
trees with nodes and
the origin of traits
indicated along the
branches of the tree.
No examples of
unrooted trees are
provided.

Parts IV–VI have
students comparing
trees based on
clustering of molecular
or morphological data,
to find evidence for
homology and
homoplasy and to trace
the origin of traits on
the tree.

Phylogeny Assessment
Tool (PhAT) (Smith
et al., 2013)

In the PhAT, data
sources are
morphological traits of
organisms such as
large canine teeth.

In Part B of the PhAT,
students were
expected to use the
parsimony principle to
decide which tree is a
better hypothesis for
related organisms in
the PhAT.

The PhAT shows two
rooted bifurcated
trees with traits
marked along the
branches of the trees.
No examples of
unrooted trees are
provided.

Based on
morphological data, the
PhAT assesses students’
ability to consider both
gain and loss of traits in
chronology for
reasoning about
homology and
homoplasy.

The Great Clade Race
(Goldsmith, 2003)

Traits are represented
using various shapes
(e.g., circles, squares,
diamonds) without
specifying if these are
molecular, cell, tissue,
or morphological traits
of organisms.

Cladistics is
introduced as a
method to examine
patterns of shared
derived characters to
infer a sequence of
divergence within
groups of organisms.
Maximum parsimony
is introduced to guide
cladistic analysis.

Two different correct
answers with the
same branching order
are given as rooted
bifurcated trees with
traits marked along
branches of the tree.
No unrooted tree is
given as an answer for
this exercise.

Cladistics, homoplasy,
and homology are
introduced in this
paper.

Instructional Materials Tested with K-12 Level Students
The Lizard Evolution
Biointeractive Virtual
Lab (HHMI, 2015)

Data sources include
morphological data,
which are the lengths
of the lizards’ bodies,
hindlimbs, and tails
(Module 1), and
molecular data, which
are mitochondrial
NADH dehydrogenase
subunit 2 (ND2) DNA
gene sequences and
five transfer RNA
(tRNA) sequences
from different
populations
(Module 2).
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Module 1 introduces
cluster analysis based
on animal traits such
as appearance and
morphology. In
Module 2, cluster
analysis of eight anole
species is done by
DNA comparisons
using MABL (Dereeper
et al., 2008).

An unrooted
bifurcated
evolutionary tree was
constructed to depict
eight anole species. A
distantly related
species was
introduced to “root”
the tree with nodes,
branches, and the
living species at the
tip. Students are able
to omit the outgroup
to re-root the tree
with the midpoint or
examine an unrooted
tree for the eight
anole species.

To compare the rooted
or unrooted
evolutionary trees
generated by students
with published rooted
and unrooted trees
provided in worksheets,
the students must
reason about
chronology, trace the
origin of traits,
cladistics, homology,
and homoplasy
(convergent evolution).

MODEL USE OF EVOLUTIONARY TREES (MUET)

87

The 2017 Nominating Committee needs
your recommendations for NABT offices.
The vacancies for which nominees are sought are listed
below. The candidates for president-elect alternate from the
college/university community one year and the pre-college
community the next. Candidates from the K-12 community
are sought for this election. The NABT Board of Directors
recommends that candidates for oﬃce have: (1) evidence of
active participation in NABT such as previous service as an
elected oﬃcer, committee chairperson or member, section
or aﬃliate leader, etc. (2) at least ﬁve years of continuous
membership in NABT; and (3) ﬁve years experience teaching
biology, life science, or science education. NABT oﬃcers
serve three years unless noted otherwise.
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Who else knows your interests and qualiﬁcations
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VA C A N C I E S :

following simple step-by-step guidelines. However, to fully understand evolutionary trees, students need to interpret what the tree
means after the tree is constructed, as well as understanding the
basic principles embedded in the use of BLAST. For example, in
a tree constructed by students, what do the tips and nodes represent? Does the tree show chronology? The example procedure also
requires students to consider what their findings mean in terms of
the evolution of a gene they might find in several different kinds of
organisms they would test. According to MUET, a teacher might
also prompt students to explain the chronology for changes in a
gene by ordering events in the history of life on Earth, or for a particular trait, the teacher might prompt students to explain what
additional data might help distinguish homology (traits derived
from the similar trait in a common ancestor) from homoplasy (similar traits of organisms that are not derived from a common ancestor, see Table 4).
Thus, by systematically checking each component of the MUET,
teachers can guide and improve the implementation of instructional
activities in their classroom. Besides the AP biology lab manual activity mentioned above, Table 5 lists additional examples of instructional materials selected for high school and the undergraduate
college levels. According to this analysis, an undergraduate instructor
who implements The Great Clade Race (Goldsmith, 2003) may opt to
assign an activity from The Lizard Evolution Biointeractive Virtual Lab
(HHMI, 2015) to give students experience with various data sources
and with interpreting trees that are rooted or not. In our view, using
the MUET and its components to analyze these or other instructional
materials related to evolutionary trees (e.g., Collins et al., 2006;
Knuffke & Mainhart, 2013; Young et al., 2013) will better equip
instructors to make more informed decisions about how to advance
their students’ understanding of evolutionary trees and their various
applications in biology.

Implications for Teaching

President-Elect
Director-at-Large (2-year term)
Region IV (IA, KS, MN, MO, NE, ND, SD)
Region V (KY, NC, SC, TN, WV)
Region IX (AK, CA, HI, OR, WA, Pacific Territories)
Region X (Canadian Provinces & Territories)

In summary, by developing the MUET to characterize biologists’
use of evolutionary trees in their scientific publications, we provide
K-14 teachers and students with a useful model and a sound basis
for understanding how evolutionary trees are used to advance scientific research. The MUET is closely aligned with scientific practices in the K-12 Science Education Framework (NRC, 2012) as well as
with resources for teaching tree thinking. Therefore K-14 educators
and students are encouraged to use MUET as a simple guide to promote expert-level tree thinking abilities in the classroom. Furthermore, our review of instructional standards and educational
resources provides benchmarks for understanding the gaps and
positive effects of each source. Where there are gaps, the referenced
materials could be modified or additional resources could be
adapted as supplements. Identifying limitations in the coverage of
instruction is vital to the success of evolution education, to ensure
that each student has the chance to receive a more complete education in the vital area of biological evolution.

Limitations of this Study and Directions for Future
Studies
The MUET shows basic components used by some general biologists
when reporting research with evolutionary tree figures. But since we
only examined the journal Science, the MUET might not accurately

Don’t delay!
The deadline for nomination is

March 15

represent how more specialized evolutionary biologists use trees. It is
likely that the concepts, data, and tree thinking visualizations are
reported differently in journals like Trends in Ecology & Evolution,
Molecular Biology and Evolution, and Methods in Ecology and Evolution,
which target evolutionary biology experts. Thus, future research
studies are needed to explore potential differences in research reports
with evolutionary tree figures published by evolutionary biologists,
compared with the figures designed to communicate with a general
science audience. Also, the components of MUET correspond to tree
figures published in 2012–2013. A future study might track how
components in evolutionary tree figures have changed from earlier
to more recent times. Thus our research methods hold promise for
advancing biology education to keep pace with rapid changes in
biology as a research science.

Acknowledgments
We would like to thank Michael Gribskov, Douglas Eernisse, Bryan
White, and Jeffrey Grabowski for suggesting reference material and
discussing phylogenetic trees, phylogeny, and the basic uses of trees.
These discussions contributed to our development of the MUET and
the Glossary. We thank Brian Demong for his editing suggestions
and participation in validating the research results of our study. Conversations with David Eichinger and Heidi Diefes-Dux provided useful insights and suggestions, and we thank members of the Purdue
International Biology Education Research Group (PIBERG) and the
Visualization in Biochemistry Education (VIBE) Research Group for
their contributions to the progress of our study. Finally, we thank
the reviewers and Bill McComas, Editor-in-Chief, for insightful comments that helped us improve this manuscript.

References
Baker, B. (2015). The science of team science. BioScience, 65, 639–644.
Baldauf, S. L. (2003). Phylogeny for the faint of heart: A tutorial. Trends in
Genetics, 19, 345–351.
Baum, D. A., & Smith, S. D. (2012). Tree Thinking: An Introduction to
Phylogenetic Biology. Englewood, CO: Roberts and Company Publishers.
Baum, D., DeWitt Smith, S. & Donovan, S. (2005). The tree-thinking
challenge. Science, 310, 979.
Bergstrom, C. T., & Dugatkin, L.,A. (2011). Evolution. New York:
W. W. Norton & Company.
Brooks, D. R., & McLennan, D. A. (1991). Phylogeny, Ecology, and Behavior:
A Research Program in Comparative Biology. Chicago: University of
Chicago Press.
Bybee, R. W. (2013). The next generation science standards and the life
sciences. Science & Children, 50, 7–14.
Campbell, N. A., & Reece, J. B. (2005). Biology. San Francisco: Pearson
Educational Inc.
Carroll, S. P., Jørgensen, P. S., Michael, T., Bergstrom, C. T., Denison, R. F.,
Gluckman, P., . . . , & Tabashnik, B. E. (2014). Applying evolutionary
biology to address global challenges. Science, 346, 1245993.
Catley, K. M., & Novick, L. R. (2008). Seeing the wood for the trees: An
analysis of evolutionary diagrams in biology textbooks. BioScience 58,
976–987.
Catley, K. M., & Novick, L. R. (2012). Phylogenetics Laboratory:
Reconstructing Evolutionary History (version 3.2). Unpublished
student laboratory booklet, Department of Psychology and Human

THE AMERICAN BIOLOGY TEACHER

Development, Vanderbilt University, Nashville, TN. Retrieved from
http://www.vanderbilt.edu/peabody/novick/evol_diagrams.html
Catley, K. M., Novick, L. R., & Shade, C. K. (2010). Interpreting evolutionary
diagrams: When topology and process conflict. Journal of Research in
Science Teaching, 47, 861–882.
Cole, F. L. (1988). Content analysis: Process and application. Clinical Nurse
Specialist, 2(1), 53–57.
College Board. (2012). Evolution Investigation 3: Comparing DNA
sequences to understand evolutionary relationships with BLAST,
S41–S50. Retrieved from http://media.collegeboard.com/
digitalServices/pdf/ap/bio-manual/Bio_Lab3-ComparingDNA.pdf
Collins, J. J., Scotchmoor, J., & Stromberg, C. (2006). What Did T. Rex Taste
Like? University of California Museum of Paleontology. Retrieved from
http://www.ucmp.berkeley.edu/education/explorations/tours/Trex/
index.html
Crisp, M. D., & Cook, L. G. (2005). Do early branching lineages signify
ancestral traits? Trends in Ecology and Evolution, 20, 122–128.
Davenport, K. D., Milks, K. J., & Tassell, R. V. (2015). Investigating tree
thinking & ancestry with cladograms. American Biology Teacher, 77,
198–204.
Delsuc, F., Brinkmann, H., & Philippe, H. (2005). Phylogenomics and the
reconstruction of the tree of life. Nature Reviews Genetics, 6, 361–375.
Dereeper, A., Guignon, V., Blanc, G., Audic, S., Buffet, S., Chevenet, F. . . . &
Claverie, J. M. (2008). Phylogeny. fr: robust phylogenetic analysis for the
non-specialist. Nucleic Acids Research, 36, 465–469.
Diaz, J. M., Hansel, C. M., Voelker, B. M., Mendes, C. M., Andeer, P. F., &
Zhang, T. (2013). Widespread production of extracellular superoxide
by heterotrophic bacteria. Science, 340(6137), 1223–1226. doi:10.1126/
science.1237331
Dunbar, K. (1995). How scientists really reason: Scientific reasoning in realworld laboratories. In R. Sternberg & J. Davidson (Eds.) The Nature of
Insight (pp. 365–395). Cambridge, MA: MIT Press.
Eddy, S., Crowe, A. J., Wenderoth, M. P., & Freeman, S. (2013). How should
we teach tree-thinking? An experimental test of two hypotheses.
Evolution Education and Outreach, 6, 1–11.
Edgar, R. C. (2004). MUSCLE: Multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Research, 32, 1792–1797.
Ereshefsky, M. (2012). Homology thinking. Biology and Philosophy, 27(3),
381–400.
Felsenstein, J. (2004). Inferring Phylogenies, (Vol. 2). Sunderland, MA:
Sinauer Associates.
Goldsmith, D. W. (2003). The Great Clade Race. American Biology Teacher,
65, 697–682.
Gregory, T. R. (2008). Understanding evolutionary trees. Evolution:
Education and Outreach, 1, 121–137.
Hall, B. K. (2012). Homology: The Hierarchical Basis of Comparative Biology.
San Diego: Academic Press.
Halverson, K. L., Pires, C. J., & Abell, S. K. (2011). Exploring the complexity of
tree thinking expertise in an undergraduate systematics course.
Science Education, 95, 794–823.
Henning, W. (1966). Phylogenetic Systematics. Urbana, IL: University of
Illinois Press.
Hershkovitz, M. A., & Leipe, D. D. (1998). Phylogenetic analysis. In
A. D. Baxevanis & B. F. F. Ouellette (Eds.), Bioinformatics: A Practical
Guide to the Analysis of Genes and Proteins (pp. 189–230). New York:
Wiley Interscience.
HHMI (Howard Hughes Medical Association). (2015). Lizard evolution
virtual lab. Biointeractive. Lizard Evolution Virtual Lab Worksheet (June
2). Retrieved from http://www.hhmi.org/biointeractive/lizard-evolutionvirtual-lab
IBM Corporation. (2013). IBM SPSS Statistics for Windows, Version 22.0.
Armonk, NY: IBM Corp.

MODEL USE OF EVOLUTIONARY TREES (MUET)

89

Janvier, P. (1984). Cladistics: Theory, Purpose and Evolutionary
Implications. Evolutionary Theory. New York: John Wiley and Sons.
Jenner, A. R. (2014). Macroevolution of animal body plans: Is there science
after the tree? BioScience, 64, 653–664.
Justi, R. S., & Gilbert, J. K. (2002). Modelling, teachers’ views on the nature
of modelling, and implications for the education of modellers.
International Journal of Science Education, 24, 369–387.
Knuffke, D., & Mainhart, D. (2013). Lesson 2: Modeling Evolution. In AP
Biology: Visualizing Information: Curriculum Model (pp. 15–24).
Retrieved from http://media.collegeboard.com/digitalServices/pdf/ap/
apcentral/Biology_VisualizingInformation.pdf
Kong, Y., Guo, B. Y., Xie, C. X., Fan, Q. X., He, X. G., Yang, R. B., & Shao, J.
(2009). The isolation via enrichment and characterization of 9
dinucleotide microsatellite markers in Pelteobagrus fulvidraco.
Conservation Genetic Resource, 1, 353–355.
Kong, Y., Anderson, T. R., & Pelaez, N. (2016). How to identify and
interpret evolutionary tree diagrams. Journal of Biological Education
50(4), 395–406.
Kozma, R., Chin, E., Russell, J., & Marx, N. (2000). The roles of
representations and tools in the chemistry laboratory and their
implications for chemistry learning. Journal of the Learning Sciences, 9,
105–143.
Krippendorff, K. (1980). Content Analysis: An Introduction to its
Methodology. Beverly Hills, CA: Sage.
Larkin, J. (1983). The role of problem representation in physics. In D.
Gentner & A. Stevens (Eds.), Mental Models (pp. 75–98). Hillsdale, NJ:
Lawrence Erlbaum Associates, Inc.
Maroja, L. S., & Wilder, J. A. (2012). Where do I come from? Using
student’s mitochondrial DNA to teach about phylogeny, molecular
clocks, and population genetics. Evolution: Education and Outreach,
5, 501–507.
Meir, E., Perry, J., Herron, J., & Kingsolver, J. (2007). College students’
misconceptions about evolutionary trees. American Biology Teacher,
69, 71–76.
Meisel, R. P. (2010). Teaching tree-thinking to undergraduate biology
students. Evolution: Education and Outreach, 3, 621–628.
Mendonça, P. C. C., & Justi, R. (2013). The relationships between
modelling and argumentation from the perspective of the model of
modelling diagram. International Journal of Science Education, 35,
2407–2434.
Mindell, D. (2013). The tree of life: Metaphor, model, and heuristic device.
Systematic Biology 62, 479–489.
Morrison, D. A. (2013). Book review: Tree thinking: An introduction to
phylogenetic biology, by David A. Baum and Stacey D. Smith. Systematic
Biology, 62, 634–637.
Nasir, M. N., Thawani, A., Kouzayha, A., & Besson, F. (2010). Interactions of
the natural antimicrobial mycosubtilin with phospholipid membrane
models. Colloids and Surfaces B: Biointerfaces, 78, 17–23.

®

90

THE AMERICAN BIOLOGY TEACHER

Novick, L. R., & Catley, K. M. (2007). Understanding phylogenies in biology:
The influence of a Gestalt perceptual principle. Journal of Experimental
Psychology: Applied, 13, 197–223.
Novick, L. R., & Catley, K. M. (2014). When relationships depicted
diagrammatically conflict with prior knowledge: An investigation of
students’ interpretations of evolutionary trees. Science Education, 98,
269–304.
Novick, L. R., Catley, K. M., & Funk, D. J. (2010). Characters are key: The
effect of synapomorphies on cladogram comprehension. Evolution:
Education and Outreach, 3, 539-547.
NRC (National Research Council). (2012). A Framework for K-12 Science
Education: Practices, Crosscutting Concepts, and Core Ideas.
Washington, DC: National Academies Press.
O’Hara, R. J. (1988). Homage to Clio, or, Toward an historical philosophy
for evolutionary biology. Systematic Biology, 37, 142–155.
Omland, K. L., Cook, G., & Crisp, M. D. (2008). Tree thinking for all biology:
The problem with reading phylogenies as ladders of progress.
Bioessays, 30, 854–867.
Raven, P., Johnson, G., Losos, J., Mason, K., & Singer, S. (2014). Biology (10th
ed.). New York: McGraw-Hill.
Schönborn, K., & Anderson, T. (2009). A model of factors determining
students’ ability to interpret external representations in biochemistry.
International Journal of Science Education, 31, 193–232.
Shulman, L. S. (1986). Those who understand: Knowledge growth in
teaching. Educational Researcher, 15, 4–14.
Smith, J. J., Cheruvelil, K. S., & Auvenshine, S. (2013). Assessment of student
learning associated with tree thinking in an undergraduate
introductory organismal biology course. CBE-Life Sciences Education,
12, 542–552.
Tinsley, H. E. A., & Weiss, D. J. (2000). Inter-rater reliability and agreement.
In H. E. A. Tinsley & S. D. Brown (Eds.), Handbook of Applied
Multivariate Statistics and Mathematical Modeling (pp. 95–124). San
Diego: Academic Press.
Young, A. K., White, B. T., & Skurtu, T. (2013). Teaching undergraduate
students to draw phylogenetic trees: Performance measures and partial
successes. Evolution: Education and Outreach, 6, 16–30.

YI KONG (ykong@fjnu.edu.cn) is an assistant professor with a focus on
science education in the College of Education at Fujian Normal University
in Fuzhou, China. At Purdue University, ANKITA THAWANI
(athawan@purdue.edu) is a doctoral candidate in the Department of
Biological Sciences, TREVOR ANDERSON (ander333@purdue.edu) is a
biochemist and education researcher who investigates Visualization in
Biochemistry Education (VIBE) in the Department of Chemistry, and NANCY
PELAEZ (npelaez@purdue.edu) is a biology education researcher in the
Department of Biological Sciences who co-authored several research
reports on the nature of Science Faculty with Education Specialties (SFES).

VOLUME. 79, NO. 2, FEBRUARY 2017

